Our purpose was to determine factors contributing to vulnerability to antenatal periventricular leukomalacia (PVL) induced by hemorrhagic hypotension in premature fetal sheep. Systemic hypotension was induced in 10 fetal sheep by acutely withdrawing 35% to 40% of the fetoplacental blood volume at 113 d gestation. Brains were processed for histologic analysis 6 d after the insult. Statistical comparisons of physiologic parameters between fetuses suffering from PVL (n ϭ 5) and those without PVL (n ϭ 5) were performed. Significant correlations were found between induction of PVL and fetal brain weight, changes in fetal mean blood pressure over time, base excess, oxygen content, hematocrit, and plasma arginine vasopressin (AVP) levels in fetal abdominal aortic blood. Brain developmental stage, the magnitude of induced systemic hypotension, and baseline blood oxygen content were important intrinsic factors in the Periventricular leukomalacia (PVL) is necrosis of cerebral white matter displaying a characteristic distribution (i.e. in the white matter dorsal and lateral to the external angles of the lateral ventricles) in the developing human brain (1). The pathogenesis of PVL has not yet been fully clarified, though it has been reported to be closely associated with cerebral palsy as a major causative factor in premature infants (2, 3).
Periventricular leukomalacia (PVL) is necrosis of cerebral white matter displaying a characteristic distribution (i.e. in the white matter dorsal and lateral to the external angles of the lateral ventricles) in the developing human brain (1) . The pathogenesis of PVL has not yet been fully clarified, though it has been reported to be closely associated with cerebral palsy as a major causative factor in premature infants (2, 3) .
We have shown that sudden systemic hypotension is one of the main factors responsible for inducing ischemic injury in periventricular white matter in premature fetuses, as we have succeeded in the induction of antenatal PVL via hemorrhagic hypotension in chronically instrumented fetal sheep (4) . Meanwhile, in our previous report, we noticed that some of the fetuses did not have PVL despite receiving the same hemorrhagic insult at the same gestational age. Thus, it was suggested that there must be some intrinsic factors other than hypotension that contribute to the occurrence of antenatal PVL under these experimental conditions. The present study aims to determine factors contributing to vulnerability to antenatal PVL induced by hemorrhagic hypotension in premature fetal sheep.
METHODS

Animal preparation.
With the approval of the Animal Care and Use Committee of Hokkaido University School of Medicine, this study was carried out from January 1998 to April 2000. The preparations and the protocol of this experiment were the same, in large part, as those of our previous study (4) . In brief, at 110 d gestation, a total of 10 Suffolk ewes with timed pregnancies, confirmed by no occurrence of the next sexual excitement after the initial copulation, underwent surgery while anesthetized with intrathecal tetracaine hydrochloride and intravenous ketamine hydrochloride. After laparotomy and hysterotomy, three electrodes were fixed to the fetal chest wall and polyvinyl catheters were placed in the fetal superior vena cava, inferior vena cava, distal abdominal aorta, and amniotic cavity. In case of twin fetuses, only one underwent the experimentation. All catheters and electrodes were exteriorized through a small incision in the flank of each ewe. The ewes were unrestrained and housed in individual cages, with free access to water and food throughout the study period. A recovery period of at least 3 d was allowed before the experiments, and during that time appropriate antibiotics were administered to the mother, fetus, and amniotic cavity.
Measurements of physiologic parameters. Until completion of the study, fetal arterial and amniotic pressure were continuously monitored with a polygraph and recorded on a digital audio tape recorder, a personal computer, or both. All fetal arterial pressure values were corrected for amniotic fluid pressure.
Blood gas data (pH, base excess, PCO 2 , PO 2 , and oxygen content), hematocrit values, endocrine hormone [adrenocorticotropic hormone (ACTH), AVP, cortisol, epinephrine, norepinephrine, and dopamine] levels, and osmotic pressure were measured in blood samples (6.0 mL) taken from the fetal abdominal aorta. Using the heparinized blood samples (0.5 mL), blood gas data were determined on a blood gas analyzer (Blood Gas System 860, Bayer Diagnostics, Sudbury, UK) and on a hemoximeter. Blood gas data were corrected for maternal rectal temperature. Hematocrit values were measured by centrifugation. The remaining blood samples (5.5mL) were supplemented with ethylenediaminetetraacetic acid-2 potassium (EDTA-2 K) for hormonal assay and osmotic pressure measurement, were centrifuged immediately after collection, and the separated plasma samples were stored at Ϫ80°C until assayed. ACTH, AVP, and cortisol levels were determined, using commercially available kits by IRMA (ACTH-II IRMA kit, Mitsubishi Petrochemical, Tokyo, Japan), RIA (AVP-RIA kit, Mitsubishi Petrochemical, Tokyo, Japan), and fluorescence polarization immunoassay (Gamma Coat Cortisol kit, Clinical Assay, Cambridge, Massachusetts), respectively (5-7). Epinephrine, norepinephrine, and dopamine levels in fetal plasma were determined by high-pressure liquid chromatography (HPLC; Autoanalyzer, HLC-725CA, Tosoh Inc, Tokyo, Japan) (8) . Osmotic pressures were determined by a freezing point depression method (Autoanalyzer, OM-6030, Arkray, Inc, Tokyo, Japan).
Estimation of fetoplacental blood volume. At Ͼ48 h after the operation, an isovolemic exchange transfusion was performed on each fetus in which 30 to 40 mL (v) of blood was removed over 15 to 20 min at a constant rate from the inferior vena cava catheter while simultaneously replacing the volume through the abdominal aorta catheter with heparinized fresh plasma from another fetal sheep. Hematocrit values were measured before and after exchange transfusion. Fetoplacental blood volume (V) was calculated according to the following formula: V ϭ v/ln (Hematocrit value before transfusion/ Hematocrit value after transfusion) (9) . After the exchange transfusion, the removed and heparinized fetal blood was centrifuged at 1,000 ϫ g for 10 min, and the separated erythrocytes were suspended in sodium chloride solution adjusted to the same volume as the exchange volume and returned to the fetuses over 5 h.
Experimental protocol. At 113 days' gestation, the following experiments were conducted in all 10 fetuses. To induce systemic hypotension in the fetuses, 35% to 40% of the fetoplacental blood volume was withdrawn over 20 min at a constant rate from the inferior vena cava catheter, and at 24 h after bleeding, the blood was returned to the fetuses over 5 h.
The fetal mean blood pressure and heart rate values at each time point represent averages obtained every 5 min. To obtain blood gas data, hematocrit values, endocrine hormone levels, and osmotic pressures, abdominal aortic blood was sampled just before bleeding and at 20 and 60 min, 2, 4, 6, 12, 18, and 24 h after bleeding, and at completion of the return the removed blood. After each sampling, an equivalent volume of maternal heparinized blood was infused into the fetus through the venous catheter.
Neuropathologic examination. Six days after the initial insult, cesarean sections were performed. Under anesthesia, fetal brains were perfused with 10% neutralized buffered formalin for fixation, removed, and weighed. The cerebral hemispheres were cut into 4 standardized coronal sections at the level of the frontal lobe, the anterior basal ganglia, the mamillary bodies, and the occipital lobe. Multiple additional sections of the cerebellum, midbrain, pons, medulla oblongata, and spinal cord were also made. After macroscopic observation of each section, histopathologic evaluation was performed on 4-m sections stained with hematoxylin and eosin.
On the basis of the criteria of Banker and Larroche, PVL was defined as the presence of scattered round neuroaxonal swelling and/or focal coagulation necrosis with infiltration by microglia/macrophages, localized within the deep white matter around the lateral ventricles (1, 3). As a result of the neuropathologic diagnosis, the fetuses were divided into two groups, a PVL group (n ϭ 5) and a non-PVL group (n ϭ 5), and the changes over time in physiologic parameters were statistically compared between the two groups.
Statistical analysis. All values are expressed as means Ϯ SD. Repeated-measures ANOVA was performed for statistical comparison of changes over time in physiologic parameters in the two groups, and if significant changes were suggested over time, Dunnett's test was performed to test for significant changes from the values just before hemorrhagic insults. Differences in continuous values between the two groups were assessed using the Wilcoxon signed-rank test with two-tailed p values. A p value Ͻ0.05 was considered significant.
RESULTS
On continuous monitoring of the parameters, all 10 fetuses were in good condition; there were no occasions when the mean arterial pressure was Ͻ35 mmHg or heart rate was Ͻ100 beats per minute over 3 min during the study period, except immediately after the insults. Fetal pH was never Ͻ7.25 and PO 2 was never Ͻ10 mmHg. Neither intrauterine infection nor threatened premature labor occurred. All fetuses were available for physiologic and neuropathologic assessment.
Neuropathologic examination of the central nervous system (CNS) demonstrated that five of the 10 fetuses had PVL, characterized predominantly by axonal swelling and/or focal necrosis with activated microglia/macrophages within the deep white matter around the lateral ventricles. Except for PVL lesions, there were no histopathologic changes within the CNS in any of the 10 fetuses examined. 21 Table 1 shows the results of the statistical analysis of basic fetal characteristics in the two groups. The brain weights in the PVL group were significantly lower than those in the non-PVL group, whereas there was no significant difference between the two groups in the brain/body weight ratio. No significant differences between the two groups were found in fetal number, sex, estimated fetoplacental blood volume, and actual blood volume withdrawn. Although the difference was not statistically significant, the percentage of twin pregnancy in the PVL group tended to be higher than those in the non-PVL group.
The comparisons between the two groups in the prehemorrhage values of physiologic factors are summarized in Table 2 . Hematocrit and oxygen content values in the PVL group were significantly lower than those in the non-PVL group at the time of pre-hemorrhagic insult, whereas there were no differences between the two groups in values of heart rate, pH, PCO 2 , and PO 2 .
Figures 1, 2, and 3 display the changes in physiologic parameters in the two groups over the course of the experiment, limited only to some informative parameters. Significant differences in changes in parameters over the time between the two groups were found in mean blood pressure (p Ͻ 0.01), base excess (p Ͻ 0.05), oxygen content (p Ͻ 0.01), hematocrit values (p Ͻ 0.05), and plasma AVP levels (p Ͻ 0.01), but not in other parameters including heart rate, pH, PCO 2 , PO 2 , plasma osmotic pressure, ACTH, cortisol, epinephrine, norepinephrine, and dopamine levels during the experimental period.
When blood withdrawal was started, the mean blood pressure abruptly decreased and then rapidly recovered within 40 min in both groups (Fig. 1B) . Comparing changes in mean blood pressure during hemorrhage between the two groups, no significant differences were found in the lowest values of mean blood pressure, but the magnitude (p Ͻ 0.05) and the rate (p Ͻ 0.05) of blood pressure decrease versus the values just before the hemorrhagic insult were higher in the PVL than in the non-PVL group (Table 3) .
Base excess tended to decrease from just after hemorrhage to 6 h later (6.6 Ϯ 1.5 to 3.9 Ϯ 3.0) in the PVL group, whereas in the non-PVL group a slight increase was seen during the same period ( Fig. 2A) . Oxygen content decreased gradually from the time just after hemorrhage to the reinfusion of removed blood in both groups. During the experimental course, oxygen contents were significantly lower in the PVL group than in the non-PVL group (Fig. 2B) . Hematocrit changes were similar to those in oxygen content in both groups (Fig. 2C) .
Plasma AVP levels were apparently higher in the PVL group than in the non-PVL group, reaching the highest value at 20 min after hemorrhage in both groups (Fig. 3) . The peak values were 33.4 Ϯ 20.6 pg/mL in the PVL group and 12.5 Ϯ 5.7 pg/mL in the non-PVL group and were significantly elevated in the PVL group compared with the non-PVL group (p Ͻ 0.01). (Table 1) . F, PVL group; ⅙, non-PVL group. *p Ͻ 0.05 (Dunnett's test) compared with the preinsult value. 
DISCUSSION
In this study, significant differences in parameters between the PVL and the non-PVL groups were found in fetal brain weight, pre-hemorrhage values of oxygen content and hematocrit, changes in fetal mean blood pressure over time, as well as base excess, oxygen content, hematocrit, and plasma AVP levels in fetal abdominal aortic blood. Fetal brain weight 6 d after the insult was significantly lower in the PVL group than in the non-PVL group. This difference was not considered to be the consequence of PVL because PVL generally does not impair brain growth within a few days after induction (1, 3) and there were no difference between the two groups in the brain/body weight ratio (Table 1) . It has been reported that the increase of brain weight in fetal sheep spurts around 95 to 110 d gestation and is significantly associated with neuroglial multiplying and myelinating activity in cerebral white matter (10, 11) , suggesting that the individual differences in fetal brain weight at 113 d gestation (the day of insult) should be high. Moreover, in this time window, the fetal cerebral white matter would be susceptible to ischemic insults because rapidly differentiating/myelinating oligodendroglia are vulnerable to environmental changes, such as deprivation of oxygen or glucose supply (3, 10) . Therefore, it is possible that the brains in the PVL group were in the midst of myelinating burst and under the critical stage of differentiation/myelination to hemorrhagic hypotension, though not proven by the routine histopathology.
Oxygen content and hematocrit values in the PVL group were significantly lower than those in the non-PVL group over the experimental period (Fig. 2, B and C) . This difference in oxygen content was thought to mainly depend on initial hematocrit values (Table 2 ) because oxygen content changed in parallel with hematocrit values in both groups and no significant difference was found in PaO 2 over time. Hematocrit values reportedly increase with developmental age in fetuses (12, 13) . Thus, hematocrit differences between the two groups may be attributed to the fetal maturity, as observed in fetal brain weight. Hypoxia observed in the PVL group was not so severe as to cause acidemia, though base excess decreased for 6 h after the insult (Fig. 2A) . Even if not particularly severe, differences in oxygen content in fetal blood might be related to the genesis of ischemic brain injury under the condition of decreased fetal cerebral blood flow caused by systemic hypotension. However, as we reported previously (4), the decrease of oxygen content produced by severe anemic change by isovolemic exchange transfusion alone did not induce histopathologic findings, including PVL, in premature fetal brain. Therefore, the decrease of oxygen content was considered to be an exacerbating factor rather than a primary factor in the induction of antenatal PVL by hemorrhagic hypotension in fetal sheep. 
FETAL BRAIN VULNERABILITY TO HEMORRHAGE
The magnitude and the rate of blood pressure decrease versus the values just before the hemorrhagic insult were higher in the PVL group than in the non-PVL group (Fig. 1B and Table 3 ). Papile et al. (14) demonstrated that decreases in cerebral blood flow are linearly correlated with mean blood pressure below the lower limit of autoregulation in fetal sheep, supporting the importance of the degree of systemic hypotension in the occurrence of antenatal PVL. In acute hemorrhagic insults in fetal sheep, baroreceptor regulation and secretion of vasoactive hormones will operate to increase peripheral vasoconstriction to maintain arterial mean blood pressure (15, 16) . However, there was no significant difference in actual blood volume withdrawn (Table 1) and changes with time of heart rate ( Fig. 1A) and plasma catecholamine levels between the two groups. This result may be mainly because differences in the responses to hemorrhage in plasma epinephrine and norepinephrine levels in each group were too small to detect compared with those in other reports using more mature fetuses at ‫531ف911‬ d gestation (15, 17) . The defensive mechanisms to acute hemorrhage are considered to be altered with fetal prematurity (16) . It is necessary to analyze the relationship between fetal development and these compensatory reactions to hemorrhagic hypotension.
Plasma AVP levels, especially at their peak, were significantly elevated in the PVL group compared with the non-PVL group (Fig. 3) . However, no significant difference was found in osmotic pressure changes between the two groups. Thus, it is likely that the difference in plasma AVP levels between the two groups reflected the degree of systemic hypotension induced by hemorrhage. It has been reported that the plasma AVP elevation correlates exponentially with a decreased blood pressure ratio (18) . Accordingly, plasma AVP levels should be recognized as a dependent factor influencing the degree of hemorrhagic hypotension.
Twin pregnancy has been reported to be one of the major clinical factors associated with antenatal PVL (2) . In this study, however, the association could not be documented, though the percentage of twin pregnancy in the PVL group was three times as high as that in the non-PVL group. This ratio was possibly owing to the paucity of the entry number of experimental animals. Because the body weights of sheep fetuses in twins tended to be smaller than those in singletons, twinning might effect fetal brain growth and development. However, we could not find any significant differences between twin (n ϭ 4) and singleton fetuses (n ϭ 6) in fetal brain weight, the magnitude of systemic hypotension, and baseline blood oxygen content in this experiment (data not shown).
Based on these considerations, intrinsic factors producing vulnerability to antenatal PVL induction by hemorrhagic hypotension in premature fetal sheep are the stage of brain development, the magnitude of systemic hypotension, and baseline blood oxygen content. Changes in base excess, hematocrit, and plasma AVP levels would be also important as constituent or dependent factors influencing the three major factors. Brain developmental stage could be an essential factor in producing vulnerability, whereas systemic hypotension is a requisite trigger and hypoxemia an exacerbating factor in the genesis of antenatal PVL. Comparison of changes over time in AVP levels of fetal abdominal aortic blood between the PVL group and the non-PVL group. Plasma AVP levels were apparently higher in the PVL group than in the non-PVL group (p Ͻ 0.05, repeated-measures ANOVA). The peak plasma AVP values in the PVL group were significantly higher than those in the non-PVL group (p Ͻ 0.05). F, PVL group; ⅙, non-PVL group. *p Ͻ 0.05 (Dunnett's test) compared with the preinsult value.
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